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SUMMARY 


An investigation has been conducted in the Langley full-scale tunnel to 
determine the performance and the static stability and control characteristics 
of an 18-foot (5.49-meter) all.-flexibleparawing. This parawing had no rigid 
structural members and utilized only the tension forces produced by the aero
dynamic loading to maintain the shape of the canopy. The tests showed that the 
parawing was longitudinally stable at angles of attack from about 30° to 40°. 
In this angle-of-attackrange the parawing could be trimmed longitudinally over 
a range of lift-drag ratios from about 2.0 to 1.5. At lower values of lift-
drag ratio, which correspond to angles of attack above 40°, there was a desta
bilizing break in the pitching-moment curve and the parawing was unstable over 
the remainder of the test angle-of-attack range (up to looo). As the angle of 
attack was decreased below 30°, the nose portion of the wing collapsed, and at 
an angle of attack near 28' the entire wing collapsed. The wing, however, 
could be reinflated by increasing the angle of attack. The parawing was direc
tionally stable and had positive effective dihedral over most of the test angle
of-attack range but was directionally unstable and had negative effective dihe
dral at angles of attack from about 35O to 45'. Differential deflection of the 
wing tips for lateral control produced positive rolling moments and negative 
yawing moments over most of the test angle-of-attackrange when the lines were 
changed in a direction to lower the right wing tip. This result would be 
expected f r o m  a center-of-gravityshift type of control. 

INTRODUCTION 


There is, at the present time, an increasing interest in gliding parachutes 

as a means of space-vehicle recovery and cargo delivery; and there are a number 

of different types of gliding parachutes being developed to meet the demand for 

such a system. In order to evaluate the performance, stability and control, 

and deployment characteristlcs of this type of configuration, the Langley 

Research Center is presently evaluating several parachute-like devices with


I gliding capability by means of wind-tunnel and flight tests. 




One concept in the gliding parachute category which has received consider
able attention is a parawing completely void of any rigid structural members 
and utilizing only the tension forces produced by the aerodynamic loading to 
maintain the shape of the canopy. This device, which was developed at the NASA 
Langley Research Center, is called an all-flexible parawing. The particular 
wing used in the present investigation had a modified 45' delta planform with 
suspension lines along the keel and leading edges and has demonstrated free-
flight capability. The investigation consisted of static wind-tunnel force 
tests to determine the basic lift and drag characteristics and the longitudinal 
and lateral stability and control characteristics of such a parawing over an 
angle-of-attack range from 30' to looo and at sideslip angles up to 10'. These 
tests were conducted at several different values of dynamic pressure to evaluate 
the effects of wing loading in simulated steady trimmed gliding flight (lg)

conditions. 


SYMBOLS 

The data are referred to the stability system of axes. The origin of the 
axes was located to correspond to a center-of-gravityposition at the confluence 
point of the model suspension lines. The coefficients are based on the laid
out-flat canopy area of 224 square feet (20.8square meters), keel length of 
15.75 feet (4.8meters), and wing span of 25.45 feet (7.76meters). Measure
ments used in this investigation were taken in the U.S. Customary System of 
Units. Equivalent values are indicated parenthetically herein in the Inter
national System of Units (SI). Details of the system together with conversion 
factors can be obtained in reference 1. 

b wing span, feet (meters) 


CD drag coefficient, 	-D (4s 

CL lift coefficient, -L 
qs 

Cl rolling-moment coefficient, Rolling moment 


qSb 


3% = -, per degreec z ~  a p  

Cm 
pitching-moment coefficient, 

Pitching moment 


qslk 


yawing-moment coefficient, Yawing moment 

qSb 


- acn, per degree"np - ap 
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CY side-force coeff ic ient ,  Side force 
qs 

C = 3,per  degree
y~ a p  

D drag, pounds (newtons) 

FA a x i a l  force, pounds (newtons) 

FN normal force, pounds (newtons) 

L l i f t ,  pounds (newtons) 


L/D l i f t -d rag  r a t i o  


'k kee l  length, f e e t  (meters) 


M moment, foot-pounds (meter-newtons ) 


MY pitching moment, foot-pounds (meter-newtons) 


9 free-stream dynamic pressure, pounds per square foot (newtons 
per  square meter) 

S wing area, square feet  (square meters) 

X distance between model suspension confluence point and moment center  
of upper strain-gage balance of support system, f e e t  ( m e t e r s )  

a angle of a t tack  (angle between r e l a t ive  wind and wing chord l i n e  
perpendicular t o  streamline s t r u t ) ,  degrees 

P angle of s ides l ip ,  degrees 

6 change i n  length of a suspension l i n e  being used as a control,  
inches (meters); pos i t ive  value indicates  increasing l i n e  length 

Subscripts: 

K-11 keel  l i n e  

L-6 l e f t  wing-tip l i n e  

R-6 r i gh t  wing-tip l i n e  

T t o t a l  

U upper balance 

2 lower balance 
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TEST MODEL AND APPARAWS 

A plan-view drawing of the parawing canopy in a laid-out-flat condition is 
presented in figure 1. A sketch and a photograph of the model mounted for force 
testing in the Langley full-scale tunnel are presented in figures 2 and 3,  
respectively. Some of the more important items of the test setup are labeled on 
figure 2. The fabric used to form the membrane of the parawing was 1.1-ounce 
(3lg) per-square-yard (0.037kg/m2) rip-stop nylon cloth with an acrylic 
coating to reduce the porosity to nearly zero. The warp of the cloth was nor
mal to the trailing edge. Twenty-three nylon suspension lines were used to 
transfer the load from the wing membrane and to control the shape the membrane 
would assume under aerodynamic loading. Each leading edge had six suspension 
lines and the keel had eleven suspension lines. (See table I for line spacing.) 
The length of the suspension lines from the confluence point to the canopy for 
two test configurations investigated is given in table 11. The lengths of the 
suspension lines for the basic configuration were determined from preliminary 
free-glide tests. Subsequently, the line lengths were further adjusted to the 
modified line configuration in an effort to improve the performance of the model. 


The mounting arrangement for the parawing consisted of a long streamline 
strut pivoted in the middle to permit change of angle of attack and with strain-
gage balances mounted at both ends. (See fig. 2.) The strain gage at the lower 
end of the streamline strut was fitted with a yoke to which all the suspension 
lines were attached. The strain gage at the upper end of the streamline strut 
was fitted with a short spike which protruded through a small hole in the mem
brane of the parawing canopy at a point on the keel 60 percent of the theoreti
cal keel length back from the theoretical apex. The spike restrained the para-
wing from pitching or rolling with respect to the streamline strut with very 
little apparent distortion to the shape of the canopy. In order to restrain 
the wing from yawing or to hold the wing at a given sideslip angle, the suspen
sion lines from the keel were passed between two parallel aluminum tubes which 
were rigidly attached to the streamline strut. With the parawing mounted in 
this fashion, fabric and line stretch were virtually unaffected and the model 
was free to assume the shape dictated by the aerodynamic loading. Also, because 
of the location of the strain-gage balances, the forces and moments measured 
were independent of the aerodynamic tare forces on the support system. The 
entire wing support system was mounted on the full-scale-tunnelforce-measuring 
scales, which were used to obtain the lateral aeroaynamic characteristics 
because the strain-gage balances were not instrumented to measure lateral 
forces. The full-scale-tunnel force-measuring scales also provided a second 
system for  measuring the longitudinal aerodynamic characteristics of the para-
wing for comparison with data from the strain-gage balances. 


Tests 


The investigation was conducted in the Langley full-scale tunnel, a com
plete description of which is given in reference 2. The lift and drag and the 
static longitudinal stability and control characteristics of the parawing were 
determined from force measurements obtained from the two-strain-gage system. A 
schematic drawing showing the forces and moments measured and how they were 
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resolved into the coefkicients of lift, drag, and pitching moment is presented
in figure 4. One longitudinal check test and all the lateral tests were made 
by using the tunnel scale-balance system to record the force-test data. Tests 
were made for a range of angles of attack (as measured from the angle between 
a relative wind and a wing-chord line perpendicular to the streamline strut) 
from about 30' to 100' for several values of control-line length and dynamic 
pressure. Most of the tests were conducted at a dynamic pressure of 1.00pound 
per square foot (47.9newtons per square meter). Included in the investigation, 
however, were tests at higher and lower values of dynamic pressure to evaluate 
the effects of wing loading on the aerodynamic characteristics of the configu. 	 ration at simulated steady gliding flight;conditions. Longitudinal control 
tests were made with the model in its basic rigging by changing the keel 
and wing-tip suspension lines as follows: 

(a) Keel line was shortened by 4 inches (0.10meter) 

(b) Keel line was lengthened by 4 inches (0.10meter) 

(c) Keel line, left wing-tip line, and right wing-tip line were 

each shortened 'by4 inches (0.10meter) 


The range of dynamic pressure used in the investigation varied from about 0.50 
to 1.50 pounds per square foot (24.0to 71.9 newtons per square meter), which 
corresponded to an airspeed range from about 20 to 40 feet per second (6.1 
to 9.15 meters per second) at standard sea-level conditions. The Reynolds nun
ber range covered in the tests varied from about 1.91 x 106 to 3.83 X 106 , 
based on the parawing keel length of 15.73 feet (4.8meters). 


The lateral stability and control tests were made only at a dynamic pressure 
of 1.00pound per square foot (47.9 newtons per square meter) at angles of attack 
from 300 to 70° for an angle-of-sideslip range from -100 to loo. The lateral 
control tests were made with total differential lengths of 4 and 8 inches (0.10 
and 0.20 meter) in the wing-tip lines for both left and right control inputs. 

CorrectIons 


The data are presented with no corrections applied on the basis of the 
following analysis of the correction problem. In order to obtain some indica
tion of the relative magnitude of the corrections, jet boundary, buoyance, and 
blockage corrections were determined by use of conventional wind-tunnel methods. 
It should be pointed out that the all-flexible parawing operates at relatively 
high angles of attack, whereas the available wind-tunnel correction methods are 
generally intended to apply to low angle-of-attack conditions. There is, there
fore, some reason to question the applicability of standard wind-tunnel correc
tions in this case, especially at angles of attack near 90'. At the lowest 
angles of attack where the methods are considered most applicable (and where 
the maximum values of L/D occurred), the corrections were found to be negli
gible. Since most of the data were measured at high angles of attack where 
conventional wind-tunnel correction methods are questionable and since the cor
rections for the low angle-of-attack conditions were very small, the data are 
presented with no corrections applied. 
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FESULTS AND DISCUSSION 

Corroboration of Techniques 

Hysteresis effects . - In  the  proposed operation as a recovery device, the 
a l l - f lex ib le  parawing i s  intended t o  be deployed much l i k e  a parachute which 
would give an i n i t i a l  opening angle of a t tack  of about 90'. After the deploy
ment, the wing would ro t a t e  t o  a lower angle of a t tack and the  conf5guration 
would go i n t o  gl iding f l i g h t .  Most of t he  force t e s t s  were made, therefore, 
by beginning a t  a high angle of a t tack  and recording data as the  angle w a s  suc- b 

cessively reduced. Ih order t o  determine whether there  w a s  any difference 
between t h i s  t e s t  procedure and the more conventional t e s t  method of increasing 
angle of attack, one t e s t  w a s  made i n  which data were taken while the angle of 
a t tack  w a s  increased, and the results of t h i s  t e s t  a r e  presented i n  f igure 5 .  
These data show t h a t  f o r  the t e s t  angle-of-attack range (up t o  40°), there  were 
higher values of l i f t  recorded when the model w a s  t es ted  by decreasing angle of 
a t tack.  The reason f o r  the greater  l i f t  w a s  apparent from visual  observations. 
A s  the  angle of a t tack  w a s  decreased below 40°, the nose portion of the para-
wing began t o  deform u n t i l  a t  about 28' the  wing collapsed en t i re ly .  In most 
such cases, when the angle of a t tack w a s  increased, the wing would r e in f l a t e .  
When the wing w a s  t es ted  by increasing angle of attack, the model w a s  i n i t i a l l y  
positioned at a = 30'. A t  t h i s  angle the model w a s  somewhat deformed and, as  
the angle of a t tack w a s  increased, there w a s  delay i n  the angle of a t tack  at 
which the nose section became f u l l y  inf la ted  again. This l ag  i n  the assumption 
of the  normal nose shape evidently resul ted i n  the lower values of l i f t .  

Comparison of force-measuring systems.- The data obtained from the f u l l 
scale-tunnel scale system are  compared with the data  obtained during the same 
t e s t  with the two-balance strain-gage system i n  f igure 6. These data show tha t  
the l i f t ,  drag, and l i f t -d rag  r a t i o  compare very well f o r  the  two systems. The 
pitching-moment curves do not agree qui te  so well  i n  ac tua l  magnitude, although 
the slopes and trends a re  i n  good agreement. One possible reason f o r  the 
pitching-moment differences may be a t t r i bu ted  t o  e r rors  i n  the  moment-transfer 
distances from the full-scale-tunnel scales t o  the model center of gravity due 
t o  the flexing of the support system. Another possible reason fo r  the discrep
ancy i n  the  magnitude of the pitching moments i s  believed t o  be tha t ,  because 
of the tunnel scale  system, it w a s  d i f f i c u l t  t o  determine accurately the aero
dynamic t a r e  of the  support system; and when any r e l a t ive ly  s m a l l  inaccuracies 
i n  accounting f o r  l i f t  and drag t a re s  a re  transferred,  the long distances 
involved i n  moment t ransfers  f o r  the  tunnel scale-balance system, they can ,d 

y ie ld  s ignif icant  moment errors .  The s t r u t  t a r e s  were measured with the wing E 

off and were used i n  the reduction of the data. The ac tua l  aerodynamic t a r e  of 
the support system i n  the presence of the wing may be considerably d i f fe ren t  .I
from t h a t  measured, because the wing can induce a change i n  veloci ty  over the i

1s t r u t .  There a re  no s t r u t  t a r e  corrections with the two-balance system, since 
.y

i n  t h i s  system only the aerodynamic forces act ing on the wing a re  measured. In 
both systems there a re  interference e f fec ts  of the s t r u t  on the wing which have I 
not been taken in to  account. It should be pointed out t h a t  the l a t e r a l  data, !Y 

!
I 

which were measured with the tunnel scale  system, a re  subject t o  errors  i n  t a r e  
I

corrections s i m i l a r  t o  those pointed out i n  the  longitudinal case fo r  t h i s  meas- i
w i n g  system. 
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Longitudinal S t a b i l i t y  and Control 

' Longitudinal cha rac t e r i s t i c s  of t he  model.- The longitudinal character is
t i c s  of t he  configuration with the  basic  r igging are presented i n  f igure  7. A t  
angles of a t tack  below about 30° t he  nose of t he  configuration with the  basic  
rigging would start t o  deform, regardless of t he  t e s t  airspeed; as a result, no 
data  were taken below t h i s  angle. Actually, as previously pointed out, t h e  wing 
collapsed at  an angle of a t tack  of 28'. As  may be seen, the  l i f t  was a t  a maxi
mum and w a s  r e l a t i v e l y  constant from a = 30° t o  a = 40' and then decreased 
at  the  higher angles of a t tack.  The maximum l i f t -d rag  r a t i o  obtained w a s  about 
1.9. Indications are, however, t h a t  i f  t he  nose of t he  wing had remained 
in f l a t ed  a t  lower angles of attack, somewhat higher values of L/D mfght have 
been obtained. The pitching-moment data  of f igure  7 show that ,  at  angles of 
a t tack  from 30° t o  40°, the  slope of t he  pitching-moment curve was s table ,  and 
t h a t  the  configuration w a s  trimmed at  an angle of a t tack  of about 30°, which 
w a s  approximately t h e  angle f o r  maximum l i f t - d r a g  r a t i o .  A t  an angle of a t t ack  
of about 40° and l i f t -d rag  r a t i o  of approximately 1-	1 the  pitching moment showed

2 
an unstable break and the  configuration w a s  s t a t i c a l l y  unstable a t  a l l  higher 
angles of a t tack .  

Because the  mater ia l  from which the  parawing w a s  fabr icated s t re tches  with 
load, and because the  aerodynamic loads are not evenly dis t r ibuted,  t he  tests 
were conducted a t  the  three d i f f e ren t  values of dynamic pressure shown i n  f ig
ure 7. These t e s t s  s i m u l a t e  the  wing i n  a steady trimmed gliding f l i g h t  con
d i t i on  ' ( lg )  a t  d i f f e ren t  wing loadings. The data  obtained at the  d i f f e ren t  
values of dynamic pressure a r e  generally s i m i l a r ,  but a t  the lowest value of 
dynamic pressure lower values of l i f t  and drag and a d i f fe ren t  t r i m  point were 
measured than f o r  t he  other  two values.  This r e s u l t  i s  probably associated 
with the f a c t  tha t ,  a t  the  lowest value of dynamic pressure, the wing d id  not 
appear t o  f i l l  out as w e l l  as it d id  a t  t he  two higher values (pa r t i cu la r ly  
along the leading edge and near the nose) because the  weight of t he  wing w a s  
su f f i c i en t ly  la rge  i n  proportion t o  the  l i f t  being produced t o  cause the  wing 
t o  sag. This deformation might be expected t o  have detrimental e f f ec t s  on the  
aerodynamic cha rac t e r i s t i c s  of the wing. The l i f t - d r a g  r a t i o  of t h e  wing, how
ever, w a s  about the  same f o r  a l l  th ree  dynamic pressures i n  s p i t e  of t h e  d is 
to r t ion  of the  wing a t  the  lowest speed. T e s t s  a t  a dynamic pressure of 1.5 
could only be made at  angles of a t tack  up t o  bo0. A t  angles of a t tack  of 45' 
and beyond, the  wing began t o  o s c i l l a t e  so badly t h a t  no r e l i ab le  data  could 
be taken. This occurrence, however, does not indicate  t h a t  the wing would 
o s c i l l a t e  a t  t h i s  value of q i n  free f l i g h t .  The osc i l l a t ion  w a s  very l i k e l y  
associated with the  r e s t r a i n t  provided by the  mounting system. 

Effect  of suspension-line rigging.- In  an e f f o r t  t o  improve the  performance 
of the a l l - f l ex ib l e  parawing, s l i g h t  modifications were made t o  the  suspension-
l i n e  lengths which had the  e f f ec t  of reducing t h e  camber of the canopy. A com
parison of the  results obtained with the  model with t h e  modified and basic  
suspension-line configurations i s  presented i n  f igure  8. As  may be seen, t h e  
model with modified l i n e s  remained in f l a t ed  t o  a lower angle of a t t ack  so t h a t  
t he  wing w a s  operating on the  unstal led s ide  of t he  l i f t  curve. In  t h i s  con
f igurat ion,  the  model had a higher value of maximum l i f t -d rag  r a t i o  as a result 
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of the lower angle of a t tack  achieved. The maximum value of l i f t -d rag  r a t i o  i n  
t h i s  case w a s  2.1. 

Effect of control  deflection.- It would be expected tha t  the parawing would 
be controlled by changing the  length of one o r  more of the suspension l i nes .  
The eas ies t  and most obvious arrangement f o r  p i t ch  control  i s  t o  change the  
length of the  keel  l i ne .  Figure 9 presents t he  r e s u l t s  of t e s t s  i n  which the 
length of the keel  l i n e  was increased and decreased 4 inches (0.10 meter) 
from i t s  or ig ina l  length. This type of p i tch  control  did not appreciably a f f ec t  
the var ia t ion of lift, drag, and l i f t -drag  r a t i o  with angle of attack. It did, 

b

however, a f f ec t  the trim point, as would be expected. It should be noted tha t  
the control  does not operate i n  the same sense as an elevator, since pul l ing 
down on the t r a i l i n g  edge causes a nose-up pi tching moment and caused the wing 
t o  trim at a higher angle of a t tack.  Actually, the  control  ac t s  i n  the sense 
of a center-of-gravity sh i f t  type of control.  Lengthening the keel l i n e  
4 inches (0.10 m e t e r )  produced a negative trim s h i f t  i n  the pitching-moment 
curve. With the basic l i n e  length, however, the parawing w a s  already trimmed 
very nearly at the point of collapse so tha t  lengthening the keel  l i n e  
sh i f ted  the curve t o  such an extent tha t  there w a s  no s tab le  trim point i n  the 
range of angles of a t tack  where the wing would s t ay  inf la ted .  Shortening the  
keel  l i n e  caused the parawing t o  t r i m  a t  a s l i gh t ly  higher angle of attack. 
The data a l so  indicate  that because of the  unstable break i n  the pitching-moment 
curve, a stable t r i m  range f o r  the model with the  t e s t - l i n e  rigging i s  possible 
only from an angle of a t tack  of 30' t o  about 40'. W i t h  this trim range, it 
would be possible t o  modulate the l i f t -d rag  r a t i o  from about 2.0 t o  1.5. 

Figure 10 shows the results of shortening the  keel  l i n e  i n  combination 
with the two wing-tip l i nes  by 4 inches (0.10 meter) each, as compared with 
shortening only the  keel  l i n e  by 4 inches (0.10 meter). The data indicate 
that  the combination control  produced the grea te r  sh i f t  i n  the pitching-moment 
curve. This r e s u l t  is  as expected, since the whole aft  portion of the wing 
becomes effect ive as a control.  

Comparison of Small-scale and Large-Scale Wings 

In an e f f o r t  t o  provide addi t ional  information for use i n  interpret ing the  I 

r e su l t s  of s t a t i c  longitudinal t e s t s  of a l l - f lex ib le  gl iding devices, a br ie f  I
investigation w a s  conducted with a smaller wing and a theore t ica l  keel  length 
of 5 f ee t  (1.52 meters); t h i s  wing was an exact scale  model of the 18-foot 1

4 )(5.49-meter) wing, except t ha t  the fabr ic  of the  wing was not scaled t o  give the # 

correct canopy membrane f l e x i b i l i t y .  1
1 

A comparison of the  data from the 5-foot (1.32-meter) and the 18-foot 
(5.49-meter) wings i s  presented i n  figure 11. The data from the two wings were 
not ident ica l  but the curves have the same character and show the same general 
l eve l  of force and moment coeff ic ients .  As may be seen, the smaller wing 
remained inf la ted  t o  a lower angle of a t tack and had a s l i g h t l y  higher value of 
maximum l i f t  tha t  occurred a t  a lower angle of a t tack.  These differences a re  
probably due t o  greater  s t i f fnes s  ( r e l a t ive  t o  i t s  s i ze )  of the canopy of the 
smaller wing. It is  in te res t ing  t o  note that ,  even though there were differences 
i n  l i f t  and drag, the  l i f t -d rag  r a t io s  of the two wings were about the sane at  

8 



angles of a t t ack  above 30'. The wings a l s o  exhibited similar s t a b i l i t y  
charac te r i s t ics .  

Lateral  S t a b i l i t y  and Control 

Because the  two-balance system w a s  not instrumented t o  read la teral  forces  
and moments, t h e  l a t e r a l  data w e r e  taken using t h e  fu l l - s ca l e  tunnel scale-
balance system. The la teral  tests w e r e  l imited t o  a m a x i m u m  angle of a t t ack  
of TO0 because of  l a rge  constant amplitude osc i l l a t ions  of t h e  model when it 

b 	 w a s  sideslipped and w e r e  l imited i n  angle of s ides l ip  t o  +loo because t h e  wing 
usually collapsed a t  s ides l ip  angles s l i g h t l y  above these values, pa r t i cu la r ly  
a t  t he  lower angles of a t tack.  

The va r i a t ion  and repea tab i l i ty  of t he  s t a t i c  lateral  coef f ic ien ts  of t h e  
a l l - f l ex ib l e  parawing with angle of s i d e s l i p  f o r  t h e  tes t  angle-of-attack range 
are shown i n  figure 12. The so l id  symbols ind ica te  repeat data. In general, 
t h e  data  show r e l a t i v e l y  good agreement i n  t rend but show considerable var ia t ion  
i n  magnitude. These data  are summarized i n  f igure  13 i n  the  form of t h e  sta
b i l i t y  der ivat ives  C

YP' 
CnP, and C 2  P with angle of a t tack.  The data  w e r e  

obtained by estimating the  average slope of t he  coef f ic ien ts  through j3 = Oo. 
Because of t h e  nonl inear i ty  of t he  data, espec ia l ly  a t  angles of a t t ack  of 40° 
and above, t he  s t a b i l i t y  der ivat ives  are only generally indicat ive of t h e  char
a c t e r i s t i c s  of t he  model. A s  may be seen, t h e  model had pos i t ive  values of 
d i rec t iona l  s t a b i l i t y  (+Cnp) and pos i t ive  e f f ec t ive  dihedral  tC2dthatdecreased with increasing angle of a t t ack  and became zero a t  an angle of a t tack  
of about 35'. In  t h e  angle-of-attack range from 3 5 O  t o  4 5 O  t he  parawing w a s  
d i rec t iona l ly  unstable and had negative e f fec t ive  dihedral.  These unstable 
charac te r i s t ics  are a result of t h e  change i n  s ign of t he  side-force derivative,  
CyP, since t h i s  parameter multiplied by i t s  moment arm contributes s ign i f icant ly  
t o  t he  d i r ec t iona l  s t a b i l i t y  and e f f ec t ive  dihedral  charac te r i s t ics .  A t  t he  
higher angles of a t tack ,  the  model was again s tab le  and had pos i t ive  e f fec t ive  
dihedral.  

It has been suggested t h a t  d i f f e r e n t i a l  def lect ion of t h e  wing t i p s  (by 
reel ing i n  and l e t t i n g  out on the  t i p  suspension l i n e s )  might be a method of 
control l ing the  a l l - f l e x i b l e  parawing l a t e r a l l y .  D a t a  showing the  e f f ec t  of 
d i f f e r e n t i a l  t i p - l i n e  lengths of k2 and k4 inches (kO.05 and kO.10 meter) on 
the  l a t e r a l  cha rac t e r i s t i c s  of t he  model a re  presented i n  figure 1 4  and a r e  
summarized i n  f igures  15 and 16. The va r i a t ion  of t h e  l a t e r a l  coef f ic ien ts  with 
s ides l ip  f o r  t he  model with controls def lected indicates  that a t  an angle of 
a t tack  of 30° t he  controls  were e f fec t ive  over t he  tes t  s ides l ip  range. (See 
f i g .  14.) A t  angles of a t tack  of 3 5 O  and above, t h e  model s ta l led ,  and there  
w a s  l i t t l e  consistency i n  the  forces  and moments produced by control  def lect ion 
over t he  s ides l ip  range. Even though there  w a s  nonl inear i ty  i n  these data  with 
angle of s ides l ip ,  t h e  s t a t i c  l a t e r a l  forces  and moments resu l t ing  from r i g h t  
t o  l e f t  control  are f a i r l y  symmetrical when measured a t  P = 0' f o r  the angle
of-at tack range investigated.  (See f i g .  15. ) The difference between the  r igh t  
and l e f t  control  data  of f igure  15, divided by 2 t o  give average control  char
a c t e r i s t i c s  for t h e  system, i s  shown i n  f igure  16 as the  incremental lateral  
forces and moments produced by a right-wing-down control.  For t h i s  configuration, 
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pos i t ive  ( r i g h t )  r o l l i n g  moments and negative ( l e f t )  yawing moments are devel
oped over most of t h e  angle-of-attack range. Since a right-wing-down control  
produces pos i t ive  r o l l i n g  momen%s, t he  control  system seems t o  be act ing more 
l i k e  a center-of-gravity s h i f t  type of control than a conventional a i le ron  type 
of control.  

SUMMARY OF FESULTS 

b
The results of t h e  ful l -scale- tunnel  invest igat ion of t h e  performance and 

the  s t a t i c  s t a b i l i t y  and cont ro l  charac te r i s t ics  of t he  18-foot (5.49-meter) 
a l l - f l ex ib l e  parawing t e s t e d  may be summasized as follows: r 

1. The model had a maximum value of l i f t -d rag  r a t i o  of about 2.0 and had 
longi tudinal ly  s tab le  t r i m  points  over a l i f t - d r a g  range from about 2.0 t o  1.5. 

2. The a l l - f l e x i b l e  parawing was  longi tudinal ly  s tab le  a t  angles of a t tack  
from about 30' t o  40'. A t  angles of a t tack  above 40°, there  w a s  a destabi l iz ing 
break i n  the  pitching-moment curve and the model was unstable over the  remainder 
of t he  tes t  angle-of-attack range (up t o  looo). A s  the  angle of a t tack  was  
decreased below about 30°, t he  nose portion of the  wing collapsed, and the  e n t i r e  
wing collapsed a t  an angle of a t tack  near 28'. The wing, however, could be rein
f l a t e d  by increasing t h e  angle of a t tack.  

3. The model w a s  d i rec t iona l ly  s tab le  and had pos i t ive  e f fec t ive  dihedral  
over most of t he  tes t  angle-of-attack range but w a s  d i rec t iona l ly  unstable and 
had negative e f f ec t ive  dihedral  a t  angles of a t tack  from about 3 5 O  t o  45'. 

4. D i f f e ren t i a l  def lect ion of t he  wing t i p s  f o r  lateral  control produced 
pos i t ive  r o l l i n g  moments and negative yawing moments over most of t he  tes t  
angle-of-attack range when the  l i n e s  were changed i n  a d i rec t ion  t o  lower the  
r i g h t  wing t i p .  This i s  the  r e s u l t  
gravi ty  s h i f t  type of control.  

Langley Research Center, 
National Aeronautics and Space 

Langley Station, Hampton, 
124-07-03-06 -23. 

t h a t  would be expected from a center-of-

Administration, 

Va., September 13, 1966, 
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IConversion Factors.  NASA SP-7012, 1964. 

2. DeFritnce, Smith J.: The N.A.C.A. Full-scale Wind Tunnel. NACA Rept. 459, I
f,1933. v
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TABU I.- SUSPENSION-LINE SPACING 

Line Location along Line Location along 
leadin edge kee l  

L - 1  and R-1  

L-2 and R-2 

L-3 and R-3 

;-4 and R-4 

L-5 and R-5 

L-6 and R-6 

Ia7 
38.25 in .  
(0.97 m) 

108.0 in .  
(2.74 m) 

144.0 i n .  
(3.66 m) 

180.0 in .  
(4.57 m) 

216.0 in .  
(5.49 m) 

K-1 

K-2 

K-3 

K-4 

K-5 

K-6 

K-7 

K-8 

K-9 

K-10 

K-11 

(a) 

27.0 in .  
(0.69 m) 

45.0 in .  
(1.14 m )  

63.0 in .  
(1.60 m )  

81.0 i n .  
(2.06 m )  

99.0 in .  
(2.51 m) 

117.0 in .  
(2.97 m) 

162.0 in .  
(4.11 m )  

180.0 in .  
(4.57 m) 

198.0 i n .  
(5.03 m) 

216.0 i n .  
(5.49 m) 

%om t heo re t i ca l  apex (see  f i g .  1). 
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TABLE 11.- LINE RIGGING OF TEE 18-FooT (5.49-METER) 

PARAWING (SEE FIG.  1) 


Line 


L-1 a d  R-1 


E 2  a d  R-2 


E 3  and R-3 


L-4 a d  R-4 


L-5 Etnd R-5 


~6 and R-6 


12 

Length 


Basic Modified
-_
288.0 in. 

(7.32 m) 

276.8 in 
(7.03 m) 

267.3 in. 
(6.79 m) 

252.0 in. 
(6.40 m)  

241.7 in. 
(6.14 m )  

216.2 in. 
(5.49 m) 

295.7 in. 
(7.51 m) 

281.0 in. 
(7.14 m) 

270.4 in. 
(6.87 d 

257.9 in. 
(6.55 m) 

246.7 in. 
(6.27 m) 

224.2 in. 
(5.69 m) 

~-

Line 


K-1 

K- 2 

K-3 

K-4 

K-5 

K-6 

K-7 

K-8 

K-9 

K-10 

K-11  

=__ 

Length 


Basic Modified 

-.. ~ 

279.0 in 292.5 in 
(7.09 m) (7.43 m 

284.0 in. 291.6 in 
(7.21 m) (7.41 m 

286.2 in. 289.7 inq 
(7.27 m) (7.36 m: 

281.7 in. 288.4 in, 
(7.16 m) (7.33 m: 

276.3 in. 284.3 in, 
(7.02 m) (7.22 m: 

274.5 in. 280.1 in. 
(6.97 d (7.11 m] 

274.5 in. 276.7 in. 
(6.97 m) (7.03 m) 

274.5 in. 272.8 in. 
(6.97 m) (6.93 m) 

271.3 in. 267.4 in. 
(6.89 m) (6.79 m) 

255.0 in. 259.2 in .  
(6.48 m) (6.58 m) 

236.3 in. 238.5 in. 
(6.00 m) (6.06 m )-



* . 

15.75 
~ (480) 

ia 00 
(5.' 49) 

/-5 
4 - 6  

1 THEORETICAL APEX 

45O / 2; 25 

\ /' 
/ 

I 
I '\ (0.69) 

SUSPENSION LINE AllACHMENT 
POINTS AND DESIGNATION 

4K-5 \R-4 

/ 0K-6 \ 
1 
1K-7 

(7.76) 

Figure 1.- Flat plan geometry of all-flexible parawing canopy showing suspension-line locations. Linear dimensions are in feet (meters).
See table I for line spacing. 



Location of restraint 
rods for  lateral tests Clearance hole in  wing 

Lateral restraint rods 
for longitudinal tests 

upper balance 

Streamline s t ru t  

A ngIe-of -attack aCtuat0r 

Lower balance 

Center of gravity _c+ 

Figure 2.- Sketch showing setup for force testing i n  Langley full-scale tunnel. 



Figure 3.- Photograph of model mounted in Langley full-scale tunnel. L-66-237 



f 

perpendicular to strut Spike attached to 

Suspension l ine 

Confluence point 
and center of gravity 

w 

Figure 4.- Sketch showing how forces and moments are measured with two-balance system. Arrows indicate positive direction of 
forces and moments. 
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Figure 5.- Effect of direction of variation of angle of attack on static longitudinal characteristics of model with modified rigging. 
p = 00: q = 1.0 IWsq ft (47.9 newtonslsq meter). 
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Figure 6- Comparison of static longitudinal characteristics of model with basic rigging as measured by Langley full-scale tunnel scale 
system and strain-gage system. p = go; q = 1.0 IWsq ft (47.9 newtons/sq meter). 
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Figure 7.- Static longitudinal characteristics of model with basic rigging. p = 09 
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Figure 8- Effect of suspension-line rigging on static longitudinal characteristics of model. I3 =W; q = 1.0 IWsq ft 
(47.9 newtonshq meter). 
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Figure 9.- Effect of changes in length of keel line for pitch control. Basic rigging; p = LP; q = 1.0 Ib/sq fl (47.9 newtons/sq meter). 
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Figure 10.- Comparison of effects of changes of length of keel l ine with changes in length of keel l ine  plus two’wing-tip l ines for  pitch 
control wi th basic rigging. p = go; q = 1.0 Ib/sq ft (47.9 newtons/sq meter). 
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Figure 11.- Comparison of static longitudinal characteristics of 18-foot wing basic rigging with geometrically similar 5-foot wing. 
p = 00; q = 1.0 Ib/sq ft (47.9 newtonshq meter). 
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Fioure 12.- Variation of lateral coefficients with anqle of sideslip. Solid symbols indicate repeat data. Flagged symbols indicate 
repeat point. Basic rigging. 
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Figure 12.- Continued. 
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Figure 12.- Concluded. 
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Figure 13.- Lateral stability characteristics of the all-flexible parawing. Basic rigging. 
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Figure 14.- Variation of lateral coefficients of the model with differential wing-tip l ine deflection at angles of sideslip. Basic rigging. 
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Figure 14.- Continued. 
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Figure 14.- Continued. 
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Figure 14.- Continued. 
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Figure 14.- Continued. 
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Figure 14.- Concluded. 
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Figure 15.- Effect of differential wing-tip line deflection on the lateral characteristics of the model. Basic rigging. B = 00. 
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Figure 16.- Average incremental lateral force and moments produced by differential wing-tip deflection. Basic rigging. p = 0'. 
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